ABSTRACT
INTRODUCTION
The nature of the impact process has been inferred through the study of the geology of a wide variety of crater types and sizes on the Earth and other planets. Some of the largest craters known are the multiring basins found in ancient terrains of the terrestrial planets and satellites (e.g., Spudis, 1993) . Of these features, basins on the Moon possess the most extensive and diverse data coverage, including morphological, geochemical, geophysical, and sample data. Although many questions remain, study of the geology of lunar basins, particularly over the past ten years (e.g., Spudis et al., 1984 Spudis et al., , 1988 Spudis et al., , 1989a Spudis et al., , 1989b , has given us a first-order understanding of how these large structures have formed and evolved. In the following pages, I summarize what we know about the formation of multiring basins on the Moon, based on my recent synthesis of planetary impact basins (Spudis, 1993) .
BASIN MORPHOLOGY
Craters on the Moon show increasing morphological complexity with increasing size. The feature "basin" is not rigorously defined: the term has been generally applied to impact structures on the Moon larger than about 300 km in diameter, based mainly on the assumption that features of this size must have originally contained at least one inner ring of peaks. In fact, basins and craters overlap and the diameter at which this transition occurs varies as a function of planet throughout the solar system.
The smallest lunar craters are bowl-shaped and such a morphology persists until diameters exceed about 15 km (Pike, 1980) . Above this size, craters display features such as flat floors, terraced rims, and central uplifts or peaks. Central peak craters, with diameters of tens of kilometers, are a ubiquitous landform on the Moon and on the other terrestrial planets.
Central-peak craters on the Moon persist to diameters of 150 to 200 km; part of the reason for the uncertainty of this transition is that fresh craters of larger size are rare on the Moon.
The larger central peak craters (e.g., Langrenus; Fig. ia) display floor hummocks that apparently become more prominent with increasing crater size (Hale and Grieve, 1982) .
Eventually, small rings of peaks surround the main, central peak; the morphology of these craters suggests they are incipient basins, or protobasins (Pike, 1982 (Pike, ,1983 Head, 1976) . 1 believe that both fracturing and scouring operate, but that the relative importance of each has yet to be determined (Spudis, 1993) .
The transition diameter from two-ring to multiring basins is obscure. This uncertainty partly reflects the small sample of Figure 1 (on following three pages). Typical impact features on the Moon illustrating the crater-to-basin transition. (A) Langrenus (132 km diameter). Note floor hummocks (arrows) that are precursors to inner rings (e.g., Hale and Grieve, 1982) . NASA photo AS8-16-2615. (B) Schr'odinger (310 km diameter). Inner ring is hummocky to massive; radial valleys on the ejecta have counterparts in larger basins and appear to be caused by ballistic emplacement of ejecta. NASA photo LO IV-8M. (C) Korolev (450 km diameter). Note small massifs and hummocks (arrows) that delineate an incipient intermediate ring. and Spudis, 1987; Wilhelms, 1987; Spudis, 1993 Moon, e.g., Crisium (Spudis et al., 1989b) and Humorum (Spudis et al., 1992) , the main topographic rim is not evident, either in terms of morphologic or topographic prominence.
Such a relation among rings has been cited as resulting from the effects of low-angle, oblique impact (e.g., Wichman and Schuitz, 1992) . I prefer the interpretation that these basins have undergone a different style of post-impact modification, possibly related to global cooling and the associated rapid increase in the thickness of the lithosphere within the Moon 3.9 Ga ago (Spudis et al., 1989b; Spudis, 1993 (Spudis et al., 1988) . Isolated patches of primary ejecta from the basin that occur within the discontinuous deposits may also have this appearance (e.g., the Sculptured Hills material on the eastern rim of Serenitatis, which may be partly related to the Imbrium basin; Spudis and Ryder, 1981) . The depositional environment with the highest energies is associated with the discontinuous facies of basins, which occur at great distances from the basin rim and consist of large secondary craters, crater chains and clusters, and smooth plains. In this zone of basin deposits, the volume of locally derived ejecta from secondary craters exceeds the amount of primary ejecta (Oberbeck, 1975) and energetic mixing of the two components produces a complex, polymict deposit.
Impact melt sheets are observed on the floors of relatively unflooded basins, such as Orientale (McCauley, 1977; Wilhelms, 1987) and presumably are buried by later deposits of mare basalt in more deeply filled and degraded basins (Wilhelms, 1987) . Melt sheets mantle basin topography and tongues of extruded melt can be seen in many areas, segregating from the main sheet. The sampling of basin material (including impact melt) was a high priority target for the Apollo missions (Wilhelms, 1993) . A class of impact melts in the Apollo sample collections possessing basaltic major-element chemistry has a KREEP trace-element pattern of varying concentration, and all of the impact melts have ages of about 3.8-3.9 Ga (Spudis et al., 1991; Spudis, 1993) . These rocks, collectively called "low-K Fra Mauro" basalt or basaltic impact melts, are probably generated during basin-forming impacts (Ryder and Wood, 1977; McCormick et al., 1989; Spudis et al., 1991) . A large amount of information, including compositions, ages of formation, and regional distribution and geological setting (summarized in Spurdis, 1993), has been collected for these basaltic impact melts on the Moon. Several melt groups are found at the Apollo landing sites (Fig. 2) ; although only data for the elements Ti and Sc are shown, these groupings also appear well defined in other chemical plots (Ryder and Spudis, 1987) . Note that with the exception of the Apollo 17 aphanites (and "group" A of Apollo 15, a three-member collection), the melt compositions appear to form diversity envelopes of size roughly comparable to each other end and to the terrestrial Manicouagan impact melt sheet (Fig. 2) . However, the groups also cluster by site, with the Apollo 16 melts making up a diffuse group with low Ti and Sc (groups 1-3, Fig. 2 ), the Apollo 17 melts having moderate Ti and high Sc (poikilitic and aphanitic, Fig. 2) , and the Apollo 15 melts having high Ti and Sc (groups A-E, Fig. 2 ). Finally, note that if the melt groups are considered collectively by site, the resultant landing site envelopes show diversity no greater than that displayed solely by the Apollo 17 aphanitic impact melts (Fig. 2) . In addition to these compositional data, we have learned more about impact melts on the Moon. First, basaltic impact melts are distinct in chemical composition from typical upper crust, as determined by remote sensing; they are both richer in KREEP and transition metals and are more mafic (less A1 and more Mg) than the anorthositic composition of the upper crust (Taylor, 1982; Spudis and Davis, 1986) . Second, all of these melts formed in a very short interval, between about 3.95 and 3.82 Ga ago (e.g., Ryder, 1990 (Spudis and Ryder, 1985) , and Apollo 16 is on the ejecta backslope of the Nectaris basin (Spudis, 1984) . Each of these sites is proximate to recognizable deposits of each basin; indeed, such deposits were high priority sampling targets during these missions (Wiihelms, 1993) . Taking the compositional data (typified by Fig. 2) Spudis and Davis, 1986) , and so these unsampled rock types may be common at depth within the Moon.
BASIN EXCAVATION
The preservation of older topography within the main topographic rim of a basin provides some constraints on the size of its excavation cavity. At Orientale, pre-existing craters and basins can be mapped (King and Scott, 1978; Schultz and Spudis, 1978; Spudis et al., 1984) within the Cordillera scarp (50 km diameter), and some structures may extend inside the outer Rook ring (620 km diameter; Schultz and Spudis, 1978) . These observations suggest that the excavation cavity for
Orientate must have been less than about 600 km in diameter (Spudis et al., 1984) . The minimum size is difficult to constrain; the innermost ring (400 km diameter) may provide a lower limit to cavity size (Spudis et al., 1984) . These constraints observed at the Orientale basin are paralleled by similar preservation ot pre-basin topography within the Imbrium basin (1,160 km main rim diameter), where the prominence of the Apennine Bench indicates that the excavation cavity must be less than about 800 km in diameter (Spudis et al., 1988) .
Collectively, these data indicate that the excavation cavity of multiring basins is between about 0.4 and 0.6 times the diameter of the apparent crater diameter (Schultz and Spudis, 1978; Spudis et al., 1984 Spudis et al., , 1988 Spudis et al., , 1989a Spudis, 1993) . Approximate depths of excavation for lunar basins can be inferred from the composition of basin ejecta. At Orientale, ejecta are very feldspathic, having a normative composition of noritic anorthosite, and mafic (basaltic) components cannot be present in quantities greater than a few percent (Spudis et al., 1984) . Because evidence from other basins (Spudis, 1984; Spudis and Davis, 1986) (1984) , "Ix)ikilitic '' and "aphanatic" are the two melt categories at Apollo 17 (e.g., Spudis and Ryder, 198) , groups A-E are found at the Apollo 15 site (Ryder and Spudis, 1987) . The field of the melt sheet from the terrestrial Manicouagan crater is shown for comparison (data from the literature). Although showing considerable overlap, melts from a given site tend to have compositions that are (I) distinct from the local upper crust, implying exotic derivation (here interpreted as being from deep within the crust, formed during basin impact); and (2) distinct from each other, implying creation in different basin-forming impacts.
ited to upper crustal levels (Spudis et al., 1984) . The crust may be as thick as 100 + 10 km in this region (Bills and Ferrati, 1976 (Spudis el al., 1984 (Spudis el al., , 1988 (Spudis el al., , 1989a , a result consistent with experiments (Stoffler et al., 1975) , analysis of cratering geometries (Croft, 1981a) , and the geology of terrestrial impact craters (Grieve et al., 1981 Data from well-studied complex craters on the Earth suggest that the excavation cavity of complex craters is on the order of 0.5 to 0.65 times the diameter of the apparent crater (Grieve et al., 1981 ) ; the maximum depths of excavation are on the order of 0.09=0.12 limes the excavation cavity diameter (Grieve et al., 1981) . These numbers compare favorably with the admittedly poorly resolved lunar values (e.g., Spudis, 1993 ), a conclusion substantiated by certain analytical methods (Croft, 1985) . The relatively shallow effective depths of excavation predicted by these various models account for the relative paucity of very deep crustal or mantle materials within the returned Apollo lunar samples (Taylor, 1982; Wilhelms, 1987) .
BASIN RING FORMATION
A wide variety of mechanisms has been proposed to account for the formation of basin tings (see review in Spudis, 1993 _Vrn refers to estimated percent of mantle material in basin ejecta.
of the target (e.g., Baldwin, 1981; Wilhehns, 1987) ; (2) (Hartmann and Kuiper, 1962; Fielder, 1963; Hartmann and Wood, 1971; Pike and Spudis, 1987) . Originally proposed only for the Orientale basin (Hartmann and Kuiper, 1962; Fielder, 1963) , it has been found to be valid for basins on all of the terrestrial planets and some icy satellites (Pike and Spudis, 1987 (Mackin, 1969; Gau[t, 1974; Head, 1974 Head, , 1977 Dence, 1976; Croft, 1981b (Murray, 1980; Grieve et al., 1981) or by structural uplift, followed by collapse (Head, 1977; Melosh and McKinnon, 1978; Schultz et al., 1981) ; either mechanism is compatible with the observed geological relations.
The documentation of minor oscillatory movement in well-characterized craters on Earth (Grieve et al., 1981) suggests that this mode of origin for inner rings may be likely for lunar basins. 
